mCT Subchondral bone plate thickness Cartilage thickness s u m m a r y Objective: To evaluate cross-correlations of ex vivo electromechanical properties with cartilage and subchondral bone plate thickness, as well as their sensitivity and specificity regarding early cartilage degeneration in human tibial plateau. Method: Six pairs of tibial plateaus were assessed ex vivo using an electromechanical probe (Arthro-BST) which measures a quantitative parameter (QP) reflecting articular cartilage compression-induced streaming potentials. Cartilage thickness was then measured with an automated thickness mapping technique using Mach-1 multiaxial mechanical tester. Subsequently, a visual assessment was performed by an experienced orthopedic surgeon using the International Cartilage Repair Society (ICRS) grading system. Each tibial plateau was finally evaluated with mCT scanner to determine the subchondral-bone plate thickness over the entire surface. Results: Cross-correlations between assessments decreased with increasing degeneration level. Moreover, electromechanical QP and subchondral-bone plate thickness increased strongly with ICRS grade (r ¼ 0.86 and r ¼ 0.54 respectively), while cartilage thickness slightly increased (r ¼ 0.27). Sensitivity and specificity analysis revealed that the electromechanical QP is the most performant to distinguish between different early degeneration stages, followed by subchondral-bone plate thickness and then cartilage thickness. Lastly, effect sizes of cartilage and subchondral-bone properties were established to evaluate whether cartilage or bone showed the most noticeable changes between normal (ICRS 0) and each early degenerative stage. Thus, the effect sizes of cartilage electromechanical QP were almost twice those of the subchondral-bone plate thickness, indicating greater sensitivity of electromechanical measurements to detect early osteoarthritis. Conclusion: The potential of electromechanical properties for the diagnosis of early human cartilage degeneration was highlighted and supported by cartilage thickness and mCT assessments.
Introduction
In the last decade, osteoarthritis (OA) has been considered as a whole organ disease, that affects both cartilage and subchondralbone 1 . Cartilage alterations involving enzymatic cleavage of the collagen network and loss of proteoglycan, in addition to stiffening and thickening of the subchondral-bone, are all hallmarks of the early stages of tissue adaptation to degenerative joint disease 1e3 . Current diagnostic methods to assess OA include physical examination 4 , X-ray imaging, magnetic resonance imaging 5 , and in some cases ultrasound and either planar 6 or cone-beam computed tomography (CT) 7, 8 . Notably, these techniques provide a status of OA progression based mainly on morphological aspects, such as the cartilage and subchondral-bone thicknesses 9e11 . However, despite progress made using these methods, none is sensitive enough to detect early OA while detection of severe OA is straightforward 12 . Unfortunately, the only treatment that may improve patient condition at late stages is a surgical intervention, such as total knee replacement which may be prevented in early and potentially reversible stages of cartilage degeneration by considering several less invasive alternatives, such as pharmacological treatments and scaffolds 13e15 .
Arthroscopy is widely performed by surgeons allowing direct evaluation of cartilage degeneration 16 by using macroscopic visual grading systems 17 . One of the most common grading system is the one of the International Cartilage Repair Society (ICRS), where chondral lesions are classified as normal, nearly normal, abnormal, severely abnormal and very severe (ICRS grade 0, 1, 2, 3 and 4, respectively) 18 . Unfortunately, these grading systems provide qualitative and subjective diagnostics 17 . Furthermore, up to 50% of highly experienced orthopedists have stated that they felt a need for improvement in the differentiation between cartilage degeneration stages, more particularly in early degeneration corresponding to ICRS grade 0 to 2 17, 19 . To overcome these limitations, a quantitative diagnostic device could be used.
Cartilage is an electromechanically active tissue since it has negatively charged sulfate and carboxyl groups on proteoglycans, bathed in an electrolyte bearing a net positive charge 20 . Cartilage is electroneutral due to Donnan equilibrium, and is electromechanically active during loading 20 . During cartilage compression, interstitial fluid flow displaces excess positive ions relative to the negative charge of proteoglycans which generates streaming potentials 21 . Many studies have demonstrated that streaming potentials reflect cartilage integrity and are sensitive to its degradation 22e26 . Taking advantage of this interesting property, an electromechanical probe (Arthro-BST) measuring non-destructively cartilage compression-induced streaming potentials has been developed. This device considered a poroelastic mixture formulation to model the streaming potentials. Thus, under axial instantaneous spherical indentation applied by the device probe, cartilage is expanded laterally, and stress is induced in the collagen fibrils. This stress participates in increasing cartilage hydrostatic pressure, which has been shown to be directly proportional to the streaming potentials 26 . Moreover, this device is nearing clinical application since it offers a specific and sensitive electromechanical parameter called the quantitative parameter (QP) reflecting cartilage integrity 25, 27 . To date, however, investigations on both cartilage and subchondral-bone in early progression of human OA remain limited.
The aim of the present study was to evaluate cross-correlations between the electromechanical properties, cartilage thickness and subchondral-bone plate thickness, as well as their sensitivity and specificity to diagnose early degeneration in human tibial plateaus ex vivo. Our first hypothesis was that electromechanical properties, cartilage thickness and subchondral-bone plate thickness would change with early degeneration stages. A second hypothesis was that the electromechanical probe would provide the highest sensitivity and a specific distinction between normal and early degenerated stages. We also hypothesized that cartilage alterations are more important than those in the subchondral-bone during early OA process. To our knowledge, this study is the first to explore the relationship between electromechanical properties reflecting cartilage integrity and properties of the subchondral-bone.
Methods

Sample source and preservation
In order to have access to different degeneration levels, six pairs of tibial plateaus from four OA patients who underwent total knee replacement surgery (49, 51, 56, 59, 63 and 67 y-o, Maisonneuve-Rosemont Hospital, Montreal, Canada) and from two OAasymptomatic cadaveric donors (26 and 49 y-o, RTI Surgical tissue bank, FL, USA) were used. Entire tibial plateaus were isolated from the knee joints and preserved at À80 C for a maximum of 2 years for asymptomatic samples and 3 months for osteoarthritic samples until testing. Each sample was thawed overnight at 4 C before starting the assessments described below. This study ( Fig. 1 ) was carried out under institutionally-approved ethic committee certificates (C ER-13/14-30 for Polytechnique Montreal and C ER: 14060 for Maisonneuve-Rosemont Hospital).
Assessment procedure
The present study performed the following assessments at matched-positions: cartilage electromechanical properties, cartilage thickness, macroscopic ICRS visual score and the subchondralbone plate thickness of early degenerated regions. Prior assessments for each tibial plateau ( Fig. 1-Step1 ), a camera-registration system (Mapping Toolbox, Biomomentum Inc., Canada) was used to define the location of measurements. The camera was positioned in a way that a top-view image was seen through the live-feed of the Mapping Toolbox software. Then, a 25 column Â 19 row position grid was superimposed on the live-feed, corresponding to~9 sites per cm 2 ; the equivalent of~130 positions for each tibial plateau. A capture of the top-view image and the coordinates of the resulting position grid were saved for each sample ( Fig. 1-Step2 ). Subsequently, a single electromechanical measurement at each position of the grid was manually performed using the electromechanical probe (Arthro-BST, Biomomentum). A multiaxial mechanical tester (Mach-1 v500css, Biomomentum) was then used for the automated thickness (needle penetration method) mapping to extract cartilage thickness at matched positions ( Fig. 1-Step3) . A macroscopic ICRS visual score assessment was then performed by a certified orthopedic surgeon for each sample and the ICRS grades were reported on a printout of the sample's top-view image ( Fig. 1-Step4 ). Finally, the thickness of the subchondral-bone plate was determined based on the reconstruction of 3D images obtained by mCT ( Fig. 1-Step5 ). Each of the above steps are detailed in the following paragraphs.
Electromechanical assessment
Cartilage electromechanical properties were measured using a hand-held probe (Benchtop Arthro-BST, Biomomentum) 19, 25, 27, 28 . This device allows a non-destructive measurement of streaming potentials generated during a light indentation (~1 s) of the articular cartilage with an array of 37 gold microelectrodes lying on a semi-spherical indenter (Ø ¼ 6.35 mm, 5 microelectrodes/mm 2 ). The output of the device is an electromechanical quantitative parameter (QP, arbitrary units) reflecting the number of electrodes in contact with the cartilage at a specific threshold of 100 mV for the sum of all potentials of those electrodes. Therefore, QP is inversely proportional to the electromechanical response of the cartilage, i.e., the higher the QP, the lower the streaming potential activity (more electrodes needed to contact cartilage for their sum to be 100 mV), reflecting lower electromechanical properties and vice-versa. As mentioned in the study design, a spatially uniform mapping of the electromechanical QP was generated on each sample and at each position of the grid. The device recorded the corresponding streaming potential signals and then computed the corresponding QP value for each position.
Automated thickness mapping (mechanical tester)
After the electromechanical mapping, the automated thickness mapping was performed using a needle probe (PrecisionGlide intradermal bevel needle 26G 3/8", BD, United States) secured under a load cell on the vertical axis of a multiaxial mechanical tester (Mach-1 v500css, Biomomentum). Cartilage thickness was mapped at the same positions as electromechanical measurement, according to the needle technique adapted from Jurvelin et al. 29 and described by Sim et al. 25 . The mechanical tester vertically lowers the needle at a constant speed toward the articular surface penetrating the cartilage surface and reaching a predefined maximal load for which it stops inside the bone. The penetration force is recorded with the vertical channel of a multiple-axis load cell (70N range and 3.5 mN resolution). The cartilage thickness was obtained by analyzing the recorded vertical force/displacement curve taking into account the surface angle (obtained by automated indentation mapping), details can be found in Sim et al. 25 .
Visual assessment (ICRS grading) and definition of transitional areas sub-grades
For each sample, a printout of the corresponding top-view image was used to report the ICRS visual assessment ( Fig. 1 ). Entire tibial plateaus were visually assessed for signs of degeneration by an experienced orthopedic surgeon (PPL). In the current study, only articular surface regions with normal (ICRS 0) and early degeneration (ICRS 1 and ICRS 2) were considered 30 . Based on the assumption that cartilage degeneration varies smoothly over the surface, we evaluated the interaction between cartilage alterations and subchondral bone changes in the OA process. An analysis was performed to determine the transitional area bordering two ICRS grades (5 mm from either side) ( Fig. 5 ). Two distinct sub-grades were defined: the transitional region-I was considered as a region between ICRS grade 0 and 1, and the transitional region-II between ICRS grade 1 and 2.
Micro-CT scanning, reconstruction and analysis
Tibial plateaus were scanned with a mCT scanner (Skyscan 1176, Bruker microCT, Kontich, Belgium) using the following settings: 80 kV, 313 mA, 225 projections, 4 Â 4 binning, exposure time 70 ms, average of two frames per projection, isotropic 34.8 mm voxel side length. Each tibial plateau was maintained hydrated in an inhibitor Study design e right and left tibial plateaus were collected from two cadaveric donors (asymptomatic for OA) and from four patients who underwent total knee replacements. A top-view image was captured for each sample and a position grid was superimposed to precisely define test locations for each assessment. Each tibial plateau was mapped using the electromechanical probe and the automated thickness mapping technique and then visually assessed by an orthopedic surgeon (ICRS grading), and finally scanned using micro-computed tomography (mCT). Only the test locations with ICRS grade 0, 1 and 2 were retained for analyses. cocktail consisting of phosphate buffered saline (PBS) and protease inhibitors as described by Saarakkala et al. 31 inside a sealed transparent container. The acquired projections were reconstructed using Skyscan NReconsoftware (v.1.6.9, Bruker microCT, Kontich, Belgium) in conjunction with beam hardening and ring artifact corrections. Data were collected from a 3D volume showing the distribution of the subchondral-bone plate thickness. First, the mCT reconstructed images were reoriented with Dataviewer version 1.5.0.0 (Skyscan). Subsequently, the middle cross-section of each sample was identified with CTAn version v.1.16 (Skyscan) and used to define a 3D region of interest in which only the subchondralbone plate was considered. To extract the subchondral-bone plate distribution mapping, the image dataset of each sample was analyzed as a stack using a custom-made macro in Fiji 32 . A 2D topview image of the subchondral-bone plate thickness mapping was generated for each sample within the macro using BoneJ 1.4.0 33 . This top-view image was then rescaled to fit with the top-view image used for the other assessments.
Statistical analysis
Statistical analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).
Results for each assessment were reported as mean ± standard deviation. The distribution of the variables was tested with the ShapiroeWilk procedure. This study aimed to understand the relationship between different assessments obtained on twelve tibial plateaus from six patients (independent observations). A nonparametric Spearman's correlation analysis was performed within each ICRS grade where the Spearman's coefficient (r) was reported. It is worth mentioning that for each tibial plateau, only one measurement was performed at each position of the grid (~130 positions). Giving that the spatial dependence and the dependence between observations have an impact mainly on the estimation of the data variance, the correlation parameter remains a valid measure of linear association. To determine the ability of each assessment to distinguish between ICRS grades, receiver-operating characteristic (ROC) curves including the determination of the area under these curves (AUC) were computed. The AUC reflects the performance of a diagnostic test which is represented as the average value of sensitivity for all possible values of specificity 34 . Finally, for each assessment, the effect size (difference between each cartilage region mean divided by the pooled standard deviation) was calculated between normal cartilage (ICRS grade 0) and each early degenerated stage (transitional region-I, ICRS grade 1, transitional region-II, ICRS grade 2) to determine the most sensitive assessment of early degeneration.
Results
Relationships between different assessments
For each tibial plateau, mappings were generated for the visual assessment [ Fig. 2(B) ], electromechanical QP [ Fig. 2(C) ], cartilage thickness [ Fig. 2(D) ] and subchondral-bone plate thickness [ Fig. 2(E) ]. A ShapiroeWilk procedure revealed that these characteristics were not normally distributed, thus, a nonparametric model was used. We observed reduced similarity between mappings with increased degeneration of tibial plateaus (Table I and Fig. 2 , top vs bottom row). Within ICRS grade 0, all pair-wise comparisons between assessments presented positive correlation coefficients. Indeed, with increasing electromechanical QP, cartilage thickness and subchondral-bone plate thickness also increased (r ¼ 0.52 and r ¼ 0.68, respectively). Cartilage thickness correlated positively with subchondral-bone plate thickness (r ¼ 0.42). For the first degeneration stage (ICRS 1), trends were similar to what was observed for normal cartilage (ICRS 0), the electromechanical QP showed moderate correlations with the cartilage thickness (r ¼ 0.40) and subchondral-bone thickness (r ¼ 0.54); while cartilage thickness correlated only weakly with subchondral-bone plate thickness (r ¼ 0.22). For the ICRS grade 2 lesions, the electromechanical QP and subchondral-bone plate thickness showed a weaker correlation (r ¼ 0.26), and no correlation was observed between cartilage thickness and the other two assessments.
Variation of assessment with degeneration stages
Mean and standard deviation of the outcome of each assessment method are presented in Fig. 3 for grades 0, 1 and 2. Electromechanical QP increased with degeneration (r ¼ 0.86) from 10.4 ± 2.9 (normal) to 25.6 ± 3.0 (Grade 2) [ Fig. 3(A) ]. As for cartilage thickness, a slight increasing trend was observed with degeneration from 1.9 ± 0.9 to 2.9 ± 1.6 mm (r ¼ 0.27; Fig. 3(B) ). Furthermore, subchondral-bone plate thickened moderately with degeneration (r ¼ 0.54) from 0.5 ± 0.2 to 1.2 ± 0.5 mm [ Fig. 3(C) ].
Sensitivity and specificity analysis
ROC analyses were conducted to distinguish between the degeneration stages: ICRS grade 0 vs 1, 1 vs 2 and 0 vs 2 (Fig. 4) . AUCs for each of the assessment were reported. For all the ICRS comparisons, the electromechanical QP presented the highest AUCs, followed by the subchondral-bone plate thickness and then cartilage thickness. Moreover, all the AUCs of the electromechanical QP were above 0.9 indicating high level of decision accuracy.
Involvement of cartilage and subchondral bone plate alterations in early OA
Effect sizes for electromechanical QP, cartilage thickness and subchondral-bone plate thickness all increased as a function of degeneration level (Fig. 5 ). Among these assessments, the largest changes were associated with subchondral-bone plate thickness, but its effect size remains about two time lower than for QP in early degeneration, between ICRS grade 0 and 1. Higher effect sizes for QP, compared to other assessments, indicate a high sensitivity of the electromechanical measurements to detect early OA changes.
Discussion
The aim of the present study was to determine association of electromechanical assessment with automated cartilage thickness mapping and mCT of subchondral bone ex vivo, in addition to their performance (sensitivity and specificity) regarding early cartilage degeneration in human tibial plateaus. Spatial resemblance between cartilage electromechanical properties, cartilage thickness and subchondral-bone plate thickness was visually observed in the mappings (Fig. 2) , and several correlations between these properties were observed (Table I) . Indeed, higher correlation coefficients between assessments were obtained in normal cartilage (ICRS grade 0) which decreased with degeneration. Each assessment was altered by the onset of early OA, where only electromechanical QP and the subchondral-bone plate thickness increased with degeneration ( Fig. 3) . Subsequently, ROC analyses revealed that the electromechanical probe had the best sensitivity and specificity (among the investigate techniques) to distinguish the normal from the early degeneration stages of cartilage ( Fig. 4 ). Furthermore, a preliminary exploration to evaluate alterations during early osteoarthritic stages comparing to normal state suggests, that the effect sizes of cartilage electromechanical properties are almost twice those of the subchondral-bone plate thickness (Fig. 5 ). If that is the case, the subchondral bone thickening could be interpreted as a consequence of the cartilage layer weakening to sustain the increased level of stress at the load bearing point.
The first hypothesis stating that electromechanical properties, cartilage thickness and subchondral-bone plate thickness would vary with degeneration stages, was confirmed. Indeed, electromechanical QP and subchondral-bone plate thickness increased remarkably with degeneration, while cartilage thickness barely changed. These observations agree with previously published studies where the measured streaming potentials varied according to different early degeneration stages of cartilage 19, 24, 28 . Effectively, since cartilage alteration is characterized by enzymatically cleaved collagen network and a depletion of proteoglycan content e which leads to a biomechanical weakening of the tissue e lower streaming potentials are then generated during compression 24, 26 . Hence, knowing that the electromechanical QP is inversely proportional to streaming potentials 27 , our study demonstrates a noticeable increase of the QP (8 QP units increase between each ICRS grade) with degeneration stages [ Fig. 3(A) ]. It appears that ICRS grades 0, 1 and 2 belong to different regions of the tibial plateau, where degeneration was concentrated into specific region such as areas not covered by the meniscus. Indeed, regions covered by the meniscus have different structural and functional properties than those not covered by the meniscus in healthy cartilage 35 , suggesting that the normal level QP values are different in those two regions. For further investigations, it would be interesting to compare assessments with degeneration while taking into account the region of the measurements. In addition, OA leads to a significant bone remodeling which is characterized by an increase in the bone volume, a decrease of bone quality and hypomineralization of the subchondral-bone 36 . These alterations result in the thickening of the subchondral-bone plate at early OA stages 37 . In our study, an augmentation of the subchondral-bone plate thickness with degeneration was found in human tibial plateaus [ Fig. 3(C) ] and this is similar to what was reported by Chevrier et al., in human femoral condyles from lesional areas 38 . On the other hand, our findings for cartilage thickness measurements were consistent with previously published results in humans 39, 40 , suggesting slight changes in cartilage thickness during early OA 41, 42 [Fig. 3(B) ]. Being degenerated, disruption of cartilage collagen network leads to an increase of the water content, which is highlighted by a swelling of the cartilage, and a resulting increase in thickness 43 . Given the intimate contact between the principal components of the articular surface (cartilage and subchondral-bone), both form a vital functional unit which ensure joint function 44 . Since the electromechanical response reflects cartilage integrity, strong correlations were observed between the electromechanical QP and the subchondral-bone plate thickness in ICRS grade 0 (Table I) . Moreover, we also found moderate correlations between cartilage thickness and both electromechanical QP and subchondral-bone plate thickness, which is expected due to the topographical variation of the cartilage thickness in the tibial plateaus 45 . Our correlation coefficient between the electromechanical QP and the cartilage thickness was in the same range as found by Sim et al. 25 . Additionally, we have shown that the properties of these components vary according to early OA. These properties, not only varied individually with degeneration ( Fig. 3 ), but even their correlation coefficients (Table I) . Since cartilage and subchondral-bone act in harmony to ensure the mechanical function of the joint, alterations in the mechanical properties of each of these tissues affects the other. Indeed, in the first stage of degeneration (ICRS grade 1), we found that the electromechanical QP became moderately correlated with the subchondral-bone plate thickness and remained moderately correlated with cartilage thickness. Effectively, it has been shown that alterations of cartilage biomechanical function occurred during OA, and this influenced the thickness of cartilage and subchondral-bone 2, 46 . Those alterations are explained by cartilage fibrillation which is related to a significant stiffness gradient in the subchondral-bone plate and cartilage swelling 2, 47 . Therefore, thickening of subchondral-bone plate and cartilage appeared with a decrease of cartilage stiffness 3 , which reflects cartilage integrity, and also its electromechanical properties 24, 26, 27 . Within the ICRS grade 2, the correlation between electromechanical QP and subchondral-bone plate thickness became weak, and no correlation was found between cartilage thickness and the other assessments (Table I) . Since the correlation coefficients between assessments decreased with degeneration, we assumed that alterations in subchondral-bone and cartilage are asynchronized. This finding is supported by previous investigations showing that not only biomechanical coupling between cartilage and subchondralbone intervenes during OA process, but also several biochemical interactions (crossover communication) which occur at different time points of the disease 44 .
The second hypothesis that the electromechanical probe would provide higher sensitivity and specificity between any degeneration level (ICRS grade 0, 1 or 2) of cartilage was also supported. The maximum AUC was found with the electromechanical QP (ranging from 0.947 to 0.998), followed by mCT (ranging from 0.712 to 0.892) then automated thickness (ranging from 0.599 to 0.723). The electromechanical QP stands out from the other techniques in distinguishing between ICRS grade 1 and 2, for which many highlyexperienced orthopedists are challenged 17 . As expected, our results are in concordance with many studies reporting that techniques considering only cartilage thickness had poor reliability in the diagnostic of early degenerative stages 48 . Similarly, since only the thickness of the subchondral-bone plate was considered in this study, this may explain the moderate performance of the mCT compared to the electromechanical probe, but is still superior to cartilage thickness. Recognizing that early degeneration diagnostic of cartilage remains challenging, we demonstrate by these findings that the electromechanical QP, which considers structural and functional properties of cartilage, is more sensitive and specific in detecting early OA than cartilage or subchondral-bone plate thickness.
For several decades, researchers have been interested in the involvement of both cartilage and bone in the process of early OA 1 . Our third hypothesis explored this question by examining whether cartilage or bone showed the most noticeable changes between normal (ICRS grade 0) and each of the early degenerative stages of cartilage (transitional region-I, ICRS grade 1, transitional region-II or ICRS grade 2). We were able to reveal that the effect sizes of cartilage electromechanical properties are relatively twofold those of the subchondral-bone plate thickness in the first stages (between ICRS grade 0 and 1) ( Fig. 5 ). This result was also supported by our previous analyses showing that variation of cartilage electromechanical properties between ICRS grades was remarkably greater than variation of subchondral-bone plate properties (Fig. 3) . However, these initial deductions are still limited since in the current study only the subchondral-bone plate thickness was investigated with mCT using a relatively large voxel size (34.8 mm).
Knowing that even changes in the trabecular bone are considered as hallmarks of early OA process 49 , cartilage properties should be compared to both subchondral-bone plate and trabecular bone features using high-resolution mCT in future studies. Nevertheless, the current data supports the concept of subchondral-bone changes being an adaptation to changes in the cartilage properties, at least in the current sample set.
The current study design consisted of investigating how the outcomes of the above-mentioned assessments vary with early OA, and how they correlate between each other, for which it is crucial to match their measurement positions. Therefore, only human tibial plateaus were used because they remain intact after their extraction during total knee replacement surgeries. Hence, entire tibial plateaus offer an ease in the acquisition and the accurate assignment of measurement positions. Nonetheless, the focus on this articular surface presents a limitation to the study, since degeneration affects all articular surfaces. Moreover, since most tibial plateaus in this study were issued from OA patients, it is recognized that progressed OA cases expose the cartilage to synovia containing ingredients that may influence the intact cartilage regions (ICRS0) 50 . Hence, this exposure to contaminated synovial fluid may contribute to a misjudgment of ICRS grading. Another limitation was related to the use of the ICRS grade as a gold standard in the classification of the cartilage degeneration stages, despite its well-recognized subjectivity and qualitative assessment 17 . Nonetheless, the ICRS score remains one of the most widely used macroscopic grading systems of cartilage lesions 17 . Furthermore, it is useful to mention that low correlation coefficients within ICRS grade 2 could be attributed to the relatively low presence of this grade in our samples (N ¼ 197 measurement positions) compared to the grades 0 and 1 (N ¼ 660 and 685 measurements positions respectively). Also, it's useful to mention that all our assessments were performed at an ex-vivo level, thus, further studies are planned to explore the applicability of this device in vivo. To our knowledge, this study is the first to establish the association between cartilage electromechanical properties and subchondral-bone plate thickness.
In summary, our study revealed the high performance of the electromechanical probe compared to the automated cartilage thickness mapping and the mCT analysis of subchondral bone.
Consequently, this electromechanical device may be considered as an objective surrogate of the existing early OA diagnostic techniques, which are based mainly on cartilage and subchondral-bone compositional and morphological properties rather than functional properties. Clearly, electromechanical assessments of cartilage provide insightful information that depends on the hierarchical structure and integrity of this tissue, permitting the detection of early OA. In addition to being able to detect early OA alterations, it could also intervene as an evaluation device for preventive treatment, cartilage repair treatment strategies, and in the development of new quantitative scoring systems.
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